Introduction
Faults on transmission line are caused by factors such as lightning strikes, flashover on contaminated insulator surface, broken conducting lines, short circuit between conducting lines, etc. Occurrences of faults in transmission lines give rise to electromagnetic transients in power systems. A fault occurs when two or more conductors come in contact with each other or ground in three phase systems. Faults are classified as Single lineto-ground (L-G) faults, Line-to-line (L-L) faults, Double line-to-ground (LL-G) faults, and three phase (3-φ) faults. The power system components suffer excessive stresses due to extremely high magnitude currents as a result of such transient phenomena. These faults give rise to serious damage on power system equipment. Faults which occur on transmission lines affects both the equipment and the power quality. So, it is necessary to determine the fault type and location on the line and clear the fault as soon as possible in order to avoid such damages.
During 1980s, there were several techniques used to detect and classify the faults on transmission lines such as the variation of the voltage and current of the three phases [1] , the ratio of the change in the magnitude of the current to threshold value. During 1990s, Artificial Intelligence techniques were used in power systems and its application in transient analysis has been increased in recent years [5] . FFT (Fast Fourier Transform) is also a useful technique for fault classification but it has poor time localization property for high frequency components of the signal. This shortcoming can be removed to a large extent by using short time Fourier transform (STFT) but it does not provide multiple resolutions in time and frequency as the window size is fixed and hence it is inefficient for accurate analysis of localized transient structure [3] . Wavelets were first applied to power system transients in 1994 by Robertson, Camps and Mayer [2] though O.A.S Youssef [4] initially proposed wavelet transform for fault classification. In recent years, a lot of techniques like wavelet multiresolution analysis has been used in combination with other methods in fault analysis [6] - [10] . D.Chanda et al used DOS-based version of EMTP software and wavelet theory for his extensive work on transient analysis [11] .
Wavelet multiresolution analysis is devoid of many shortcomings as it uses short time intervals for high frequency components and long time intervals for low frequency components. In this method, the time domain signal is decomposed into various "levels" or "scales" using "mother wavelet" for analysis.
The presented work uses Wavelet Multiresolution Analysis (MRA) technique for fault classification. The 1 st level MRA detail signal is considered and used for the fault analysis. The presented technique does not depend on any threshold value of any of the parameters taken into consideration for the analysis. The EMTP software used in this work is MicroTran v3.11 which is a WINDOWS-based version. As this version limits the size of the power system network to 18 nodes and 12 branches, a 400KV, 300km transmission line fed from one end is considered. For modeling large power systems, the higher versions of the software are applicable. Review of literature makes no claim for exhaustiveness but only draws upon certain points which have a direct or indirect bearing upon studies undertaken in this work and the motivation for it.
II. An Overview Of Emtp
Microtran v 3.11 is the EMTP software used for the transient analysis. Presently, the EMTP and other programs that are built on a kernel (such as electromagnetic transients) for DC (EMTDC) and power system computer-aided design (PSCAD) based on the same principles are widely used and accepted programs for the computation of electrical transients in power systems. The developers of the EMTP chose methods which they felt are best suited for a general-purpose program such as the EMTP. For analyzing specific problems, other methods may well be competitive, or even better. For example, Fourier transformation methods may be preferable for studying wave distortion and attenuation along a transmission line in cases where the time span of the study is so short that reflected waves have not yet come back from the remote end. The EMTP has been specifically developed for power system problems, but some of the methods have applications in electronic circuit analysis as well. Digital computers cannot simulate transient phenomena continuously, but only at discrete intervals of time. This leads to truncation errors which may accumulate from step to step and cause divergence from the true solution. Most methods used in the EMTP are numerically stable and avoid this type of error build-up. The solution method used in EMTP is based on the phenomenon of travelling waves along a transmission line which are initiated when transients occur. The general solution of the travelling wave equation for a lossless transmission line is given by v(x,t)=v f (x-vt)+v b (x+vt) where v=1/ LC =speed of waves in m/s., v f is the voltage wave which travels in the forward(positive) direction of x and v b travels in the backward direction ,x=length of the transmission line, t=time. The EMTP can solve any network which consists of interconnections of resistances, inductances, capacitances, single and multiphase π-circuits, distributed-parameter lines and certain other elements.
III. Wavelet Multiresolution Analysis
Wavelet is a wave form of effectively limited duration with an average value of zero. Wavelet is asymmetric and is of irregular wave. Sharp changes which are found in transient signals can be better analyzed with an irregular wavelet rather than using a smooth sinusoid. A wavelet, in the sense of the Discrete Wavelet Transform (DWT) which is being used in this work, is an orthonormal function which can be applied to a finite group of data. It provides multiple resolutions in both time and frequency which is the reason behind its successful implementation in transient analysis. Wavelet analysis, however, can easily resolve signals of nonstationary nature unlike others. Time domain information is retained in the wavelet transform whereas it may be lost in other integral transform techniques such as Fourier analysis. The advantage of using Wavelet analysis is the application of multiresolution property of time-frequency (time-scale). Wavelet analysis is the breaking up of a signal into shifted and scaled version of the original (or mother) wavelet. Scaling a wavelet means stretching (or compressing) it. Shifting a wavelet simply means delaying its onset. It is the orthogonality property of some wavelets which makes it suitable for the study of power sytem dynamics. The analyzing wavelets are called the "mother wavelets" and its dilated and translated versions are called the "daughter wavelets". The choice of "mother wavelet" involves a prior knowledge of the solution so that the calculations are optimized in some sense. The daubechies Wavelets are able to accurately reconstruct different types of disturbances in the power system as compared to other types of wavelets, so daubechies wavelet is chosen for the analysis. In this work, Daubechies-8 wavelet is chosen as the "mother wavelet" as it closely matches the signal to be processed which is of utmost importance in wavelet applications. Daubechies-8 wavelet is comparatively more compactly supported in time and hence is effective for short and fast transient analysis and provides almost perfect reconstruction. Daubechies-8 wavelet is smooth and oscillatory in nature which resembles the nature of the transient signals and hence is more suitable for representing the signals.
IV. Wavelet Multi Resolution Analyis For Fault Classification
By using wavelets, the sub band information regarding different harmonics can be extracted from the original signal. These informations provide the characteristic features of the fault signals and hence the faults can be classified. Simulations are carried out on the transmission line considered for the analysis using Electromagnetic Transients Program (MicroTran) by changing the location of fault on the transmission line. The generated time domain signals in each case are analyzed through Wavelet transform using MATLAB 2009b. The signals in each case have been decomposed into 11 wavelet levels using D-8 wavelet and first level wavelet output has been considered for the analysis as this level includes the harmonic components most prominently present in fault current signals. As the sampling time considered in the analysis is 10 μs, which corresponds to a sampling frequency of 100 kHz and the total number of wavelet levels considered is 11, therefore, 11th level wavelet output corresponds to a frequency band of 50-100 kHz. Downsampling by two at each succeeding level (10th-1st level) will lead to a first level output corresponding to a frequency band of 97-195 Hz i.e.it includes 2nd and 3rd harmonic components, which are predominant in case of faults.
V. Fault Cases Study And Results
The model power system considered in the analysis is as shown in The total impedance of the generator and the transformer taken together is (0.2 +j4.49) Ω which corresponds to an X/R ratio of 22.45. The total impedance considered is (720 +j1111) Ω, corresponding to a load of 200 MVA at a power factor of 0.9 lag. The current signals recorded at the generator end considered for the analysis are generated by simulating the system on EMTP. The generated time domain signals are sampled every 10μs and then used for the analysis using wavelet transform. The fault resistance is taken as 0.04 Ω.
We have considered single line to ground (L-G), double line to ground (LL-G), double line (L-L), and three phase symmetrical (3-φ) faults. The current waveforms for the considered system for each type of fault, generated using EMTP are shown below: By changing the loacation of fault on the transmission line, simulations are carried out. The data considered in the analysis is assumed to be of finite duration and of length 2 N , where N is an integer. If N is chosen to be 10, the total duration of the analysis comes out to be 2 10 i.e. (1024 X 10 ) μs =10.24 ms which is sufficient enough for the analysis of faults. With N=10, there are (N+1) =10+1=11 wavelet levels, and if these 11 levels are added together then the original signal is faithfully reproduced at each of the sample points.
VI. Fault Classification
The types of faults considered in the analysis are L-G, L-L, LL-G, 3-φ faults. The wavelet toolbox in MATLAB2009a has been used for DWT operation. Eleven wavelet levels are obtained for each of the fault current signal in each fault case. First level wavelet output is considered for the analysis and the parameter chosen for fault classification is the sum of 1 st level wavelet output for the three phase currents.
Let S a = summation of 1 st level values for current in phase "a" S b = summation of 1 st level values for current in phase "b" S c = summation of 1 st level values for current in phase "c". Tables (1 to 4) show the values of S a , S b , S c for L-G, L-L, LL-G, 3-φ faults. The results are shown for the various fault locations considered along the transmission line. From these tables it is observed that the magnitudes of Sa, Sb, Sc vary in a particular pattern for a particular type of fault occurring in a transmission line. Based on first level wavelet output, an efficient algorithm is presented.
Fig.6 Algorithm for Transmission line fault classification
When the algebraic sum of S a , S b , S c is zero, then it is 3-φ fault. The 1 st level wavelet output for 3-φ fault is shown in Table1. When the algebraic sum of S a , S b , S c is zero and also if sum of any two of the summations S a , S b , S c is equal to zero, i.e. the magnitude of one of the summations is almost negligible in comparison to the equal magnitudes of other two summations, then the fault is classified as L-L fault. S c is very small in each of the cases for L-L fault in phase "a" and phase "b" as is evident from Table 2 . The fact that the summation of S a , S b , S c are equal or not equal to zero discriminates L-G, LL-G faults from L-L, 3-φ faults. If the sum of S a , S b , S c is not equal to zero and the absolute value of any two summations (S a , S b , S c ) is equal and also is always much smaller than the absolute value of the 3 rd summation, then it is a L-G fault. Values of summation of 1 st level wavelet output for L-G fault as shown in Table 3 bears testimony to that. Again, if the sum of S a , S b , S c is not equal to zero and if the absolute value of any two summations (S a , S b , S c ) are not equal and also are always much higher than the absolute value of the 3 rd summation, then it is a LL-G fault. Results for LL-G fault in phase "a" and phase "b" are shown in Table 4 . 
VII. Conclusion
In this paper, an efficient technique using wavelet multiresolution analysis is presented for classification of faults on a power transmission line. Wavelet multiresolution analysis is found to be most suitable for extracting the information from transient fault signals. The presented technique gives accurate results irrespective of fault location, fault inception angle and fault impedance. As the technique is simple and generalized, it can be used for analysis of high impedance faults. The technique can be applied to transmission lines at any voltage level.
